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MULTIPLE -PHASE DC-DC CONVERTER TOPOLOGY 

REFERENCE TO EARLIER APPLICATION 

This application claims the benefit of provisional 
patent application number 60/419,330 to T. Schiff, filed 
October 17, 2002. 
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BACKGROUND OF THE INVENTION 
Field of the Invention 

This invention relates to the field of switching 
voltage regulators, and particularly to multiple-phase DC- 
10 DC converters. 

Description of the Related Art 

Advanced microprocessors typically require power 
supplies that provide a low voltage (e.g., <2 volts) at 

15 high current. The trend is for these supply voltages to 
continue to fall, while the current demand increases. 

The load a high speed processor presents to a power 
supply can go from low to high or vice versa in a very 
short time, particularly when running demanding software 

20 programs. One way in which high currents are provided is 
with a multiple-phase switching regulator, in which the 
components of a number (N) of single-phase regulators are 
repeated to produce N output currents, which are summed 
together to provide the total output current. The phases 

25 are operated in parallel, and are synchronously switched so 
as to reduce the overall input and output ripple, as well 
as deliver large output currents. 

Ideally, the power supply for a high speed processor 
will be highly efficient, as well as quickly responsive to 

30 changes in load. For a multiple-phase switching regulator 
to have high efficiency, low ripple currents and low 
switching frequencies are desired to keep switching losses 
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low. But a regulator having low switching frequencies and 
ripple currents typically requires the use of large output 
inductors, and tends to respond slowly to load changes. 
Transient response is improved with the use of a higher 
5 output filter capacitance, but this adds cost and requires 
space . 

Alternatively, a designer can achieve high efficiency 
using small inductors with a high switching frequency. This 
allows the converter to respond quickly with a minimal 

10 amount of output filter capacitance. However, to deliver 
high currents, expensive high switching speed components 
must be used to keep efficiency high, or more phases must 
be used to lower the current per phase and improve the 
power losses - again adding cost . 

15 One problem associated with the responsiveness of a 

switching converter to changes in load is illustrated in 
FIGs. la-lc. A basic DC-DC converter having N phases is 
shown in FIG. la. Each phase includes a pair of switching 
transistors (MPla/MPlb, . . . , MPna/MPnb) which are alternately 

20 operated to conduct current to and from an output inductor 
(LI, . . . ,Ln) to produce respective phase currents 
dpi, . . . , Ipn) . The individual currents are summed together to 
produce an overall output current lout/ which is filtered 
with a filter capacitance Cf to provide a regulated output 

25 voltage Vout and drive a load 10. A controller 12 provides 
respective control signals (PWMl , . . , , PWMn) to operate the 
switching transistors . 

The operation of the converter in FIG. la under 
steady-state conditions is shown in FIG. lb. The phases are 

30 enabled in sequence, with each phase enabled once in a 
period T. The duration of each phase's on-time is given by 
DT, where D is the duty cycle. When ND<1, the voltages 
(Vpi, . . . , Vpn) at the junctions of the switching transistor 
pairs are as shown in FIG. lb. These voltages result in the 

35 phase currents (Ipi, . . . , Ipn) shown. Summing the phase 
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currents together results in output current lout/ which has 
a ripple current Ir, and produces an output voltage Vout 
having a ripple voltage Vr. When so arranged, the normal 
output current ripple slew rate (i.e., slope) when a phase 
5 is switched on (i.e., current conducted from VCC to the 
phase's output inductor). Son, is given by: 
Son=(l-ND) (VCC/L) amps/second, 

where VCC is the converter's input voltage. The normal 
output current ripple slew rate when all phases are 

10 switched off (i.e., current conducted from all output 
inductors to ground) , Soff, is given by: 
Soff=(-ND) (VCC/L) amps/second. 

The operation of the converter for a change in output 
load is shown in FIG. Ic . When the demand for load current 

15 dioad) increases, the duty cycles of one or more phases are 
increased to provide more DC output current. This can 
result in more than one phase being on at a time, such 
that, when the load current increases sharply, the "turn- 
on" output current slew rate Snt is greater than Son and is 

20 given by : 

Snt= (M-ND) (VCC/L) amps/second, where M is the number of 
phases turned on by the change in the output load. This is 
seen on the plot of lout/ which reflects the transition from 
Son to Snt as lout increases (M=2 for the example shown) . Also 

25 shown on the lout plot is ripple current Ir, which varies 
with the difference between lout and Iioad- 

However, the "turn-off" output current slew rate, 
applicable when there is a sharp decrease in load current, 
is limited to Soff. This results in a large error between 

30 lout and Iioad/ with the error reduced at the Soff- limited 
rate. As such, the converter responds faster to a load 
change increase (load step) than it does to a load change 
decrease (load release) : Vout exhibits a small undershoot 16 
during a load step, but a large overshoot 18 of long 

35 duration during a load release. 
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This large overshoot is not acceptable for most 
designs. By increasing the output filter capacitance Cf, 
this overshoot can be removed but requires additional cost 
for the design. This increase in capacitance, however, is 
5 not required for the converter's response to a load step. 

SUMMARY OF THE INVENTION 

A multiple-phase DC-DC converter topology is presented 
which overcomes the problems noted above. The invention 
10 adds at least one additional phase to an N-phase DC-DC 
converter to improve the converter's response to changes in 
load. 

In one embodiment, one or more additional phases are 
operated at a switching frequency greater than that of the 

15 N "main" phases, to generate a current ladd which is added 
to the N phase currents. This "high speed" current acts to 
improve the converter's response to changes in load. The 
additional phase or phases enables the lower speed main 
phases to be optimized for efficiency and cost, with the 

20 additional phases optimized for responsiveness and cost. 

Preferably, the additional phases are operated at a 
switching frequency an integer multiple of that of the main 
phases, with the main and additional phases driven with the 
same control circuit. Current ladd may be an AC current, 

25 which enables the additional phase's switching components 
to be smaller and cheaper, or a DC current, which enables 
the additional phase to be used as the sole source of 
output current for low load conditions. 

In another embodiment, one or more additional phases 

30 are configured to improve the converter's response to a 
load release. The additional phase is kept off during load 
increase and steady-state conditions. However, when a load 
release occurs such that the duty cycles of the main phases 
fall to near zero, the additional phase is turned on and 

35 acts to extract current from the converter's output 
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terminal while the N phase currents slowly fall, to reduce 
the magnitude of the output voltage overshoot that occurs 
on load release. 

Further features and advantages of the invention will 
5 be apparent to those skilled in the art from the following 
detailed description, taken together with the accompanying 
drawings . 

BRIEF DESCRIPTION OF THE DRAWINGS 
10 FIG- la is a schematic/block diagram of a known 

multiple-phase switching regulator. 

FIG. lb is a timing diagram illustrating the operation 
of the known regulator of FIG. la under steady- state 
conditions . 

15 FIG. Ic is a timing diagram illustrating the operation 

of the known regulator of FIG. la in response to a changing 
load. 

FIG. 2 is a schematic/block diagram of a multiple- 
phase DC-DC converter per the present invention . 
20 FIG. 3a is a more detailed embodiment of a multiple- 

phase DC -DC converter per the present invention. 

FIG. 3b is a timing diagram illustrating the operation 
of the present DC-DC converter. 

FIG. 3c is an alternative embodiment of a multiple- 
25 phase DC-DC converter per the present invention. 

FIG- 4a is another alternative embodiment of a 
multiple-phase DC-DC converter per the present invention. 

FIG. 4b is a timing diagram illustrating the operation 
of the converter of FIG. 4a under steady-state conditions. 
30 FIG. 4c is a timing diagram illustrating the operation 

of the regulator of FIG. 4c in response to a changing load. 

DETAILED DESCRIPTION OF THE INVENTION 

A schematic/block diagram illustrating the principles 
35 of a multiple-phase DC-DC converter in accordance with the 
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present invention is shown in FIG. 2. The number of main 
phases is identified herein as "N" . For each phase, the 
regulator includes a switching circuit (2 0, 22) made up of 
one or more switching transistors 

5 (MPla/MPlb, . • . ,MPna/MPnb) , with each switching circuit 
connected to one side of a respective output inductor 
(Ll,...,Ln). The opposite, "output" sides of the inductors 
are connected together at a common output terminal 24 . The 
N switching circuits are operated by a control circuit 26, 

10 which provides respective control signals 27, 28 to the 
switching circuits so as to generate respective phase 
currents Ipi/.-.,Ipn- The N phase currents are summed 
together at terminal 24 and thereby provide an output 
voltage Vout and a total output current lout/ suitable for 

15 driving a load 29, The converter normally includes a filter 
capacitor Cout to reduce the ripple voltage component of 
output voltage Vout- 

The present DC-DC converter includes at least one 
additional phase 30, which is arranged to provide a current 

20 Ihp to output terminal 24 so as to improve some aspect of 
the converter's performance, in response to a control 
signal 32 received, for example, from control circuit 26. 
For example, additional phase 3 0 can provide a positive 
current which increases the speed with which the converter 

25 responds to changes in load. Alternatively, additional 
phase 3 0 can provide a negative current which extracts 
current from output terminal 24 upon the occurrence of a 
load release, to reduce the magnitude and duration of 
output voltage overshoot which might otherwise occur. 

30 One possible embodiment of the present invention is 

shown in FIG. 3a. A DC-DC converter is configured as 
before, with N main phases providing respective phase 
currents Ipi, . . . , Ipn to a common output terminal 24 in 
response to control signals (27,28) received from a control 

35 circuit 26. The N control signals are generated during a 
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switching cycle which has a period T and a frequency fl; 
the control signals are phase-shifted by T/N with respect 
to each other, such that the phases are operated in 
parallel and are synchronously switched. 
5 Additional phase 3 0 generates a current Ihpi which 

ramps up and down in response to a control signal 32 having 
a switching frequency f2 which is equal to or greater than 
fl. Current Ihpi is summed with the N phase currents to 
provide output current lout to the load 2 9 connected to 

10 output terminal 24. Because additional phase 30 is operated 
at a higher switching frequency than the N phases, its 
current Ihpi quickly provides energy to output terminal 24, 
which improves the converter's response to load changes. 

With the additional phase's "high speed" current 

15 acting to improve the converter's response to changes in 
load, the lower speed main phases are preferably optimized 
for efficiency and cost. Thus, the main phases preferably 
use larger inductors and MOSFETs, which result in low 
ripple currents and lower losses. The additional phase is 

20 preferably optimized for responsiveness and cost, such that 
it uses inductors and MOSFETs smaller than those used in 
the main phases . 

FIG. 3a shows one possible implementation of 
additional phase 30. A switching circuit 34 is arranged to 

25 be operated in response to control signal 32, preferably 
via a switching transistor driver 36, to conduct current to 
and from an output inductor 3 8 and thereby generate current 
Ihpi. The switching circuit preferably includes a pair of 
switching transistors (40, 42) connected between supply 

30 voltages such as VCC and ground, with the transistors 
connected together at a common node 44 . The transistors are 
operated by the complementary outputs of the driver 36. 
Additional phase 3 0 may optionally include a capacitor 46 
connected between node 44 and output inductor 38. 

35 FIG. 3b is a timing diagram illustrating the operation 
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of the converter shown in FIG. 3a. The phase-shifted 
control signals (27,28) produce voltages Vpi,...,Vpn in the N 
phases, which generate respective phase currents Ipi,...,Ipn. 
The N control signals, as well as the resulting phase 
5 currents, occur during a switching cycle having a period T 
and a frequency fl(=l/T) . As noted above, additional phase 
30 is driven with a control signal 32 having a frequency f2 
which is equal to or greater than fl. Control signal 32 is 
preferably provided by combining the N control signals 

10 together, using a logic gate 48, for example, which enables 
control signal 32 to be provided with the same control 
circuit 26 that provides the N control signals. When so 
arranged, the resulting control signal 32 has a frequency 
f2, given by f2 = N*fl, with each pulse having the same 

15 duty cycle as its source control signal. Alternately, the 
logic gate 48 could be integral to control circuit 26. 

Switching transistors 4 0 and 42 are switched on and 
off at frequency f2, which results in a voltage Va appearing 
at common node 44; Va toggles between VCC and ground. The 

20 use of a capacitor 46 between common node 44 and output 
inductor 38, as shown in FIG. 3a, removes the DC component 
in voltage Va, resulting in an AC voltage Vb on the input 
side of inductor 38. This AC voltage becomes AC current Ihpi 
on the output side of inductor 38, which is provided to 

25 output terminal 24 . 

The present invention is preferably employed with a 
DC-DC converter that uses a pulse-width modulation (PWM) 
control scheme, such that the duty cycles of the N control 
signals (27, 28) vary with the load. When so arranged: 

30 - when the output load is constant, the control signals' 
(27,28,32) duty cycles are constant, so that the average Ihp 
current is zero and the average Ip current is at a steady- 
state DC value. 

- when the output load increases, the duty cycles increase 
35 so that the average Ihp current becomes greater than zero 
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(and helps to quickly accommodate the load transient) and 
the average Ip current increases (though more slowly than 

Ihp) ■ 

- when the output load decreases, the duty cycles decrease 
5 so that the average Ihp current becomes less than zero (and 

helps to quickly accommodate the load transient) and the 
average Ip current decreases (though more slowly than Ihp) . 

- in the case of a load release (i.e., a step decrease in 
load) , the duty cycles - and thus the Ip and Ihp currents - 

10 might actually go to zero for a period of time. 

Current Ihpi has a switching frequency equal to f2; as 
such, Ihpi also gives lout and Vout an f2 component (as shown 
in FIG. 3b) . The higher frequency of Ihpi with respect to 
phase currents Ipi, . . . , Ipn enables it to improve the 

15 responsiveness of the converter to changes in load, by 
providing fast AC currents during fast load changes. The 
higher switching frequency also enables inductor 3 8 to be 
smaller than those found in the N main phases, and also 
allows the use of a smaller output capacitor Cout . The 

20 output capacitor supplies the initial energy required to 
accommodate a load change: when additional phase 30 has a 
high slew rate (due to its higher switching frequency and 
smaller inductor) , it will start supplying energy (via Ihpi) 
fast enough to allow output capacitor Cout to have a smaller 

25 capacitance than might otherwise be needed. 

The use of capacitor 46 in additional phase 3 0 keeps 
the DC component of Ihpi zero or very small, which enables 
the use of smaller, faster switching transistors and a 
smaller inductor 38. However, it is not essential that 

30 capacitor 46 be used or that the output current of 
additional phase 30 be purely an AC current. An embodiment 
of the invention without such a capacitor is shown in FIG. 
3c. Here, additional phase 3 0 is identical to the 
additional phase shown in FIG. 3a, except that node 44 is 

35 now connected directly to inductor 3 8 without an 
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intervening capacitor. 

With capacitor 46 removed, additional phase 30 
produces an output current Ihp2 which includes both AC and 
DC components, and thus affects both the AC and DC 
5 components of overall output current lout- Current Ihp2 is 
shown in the FIG. 3b timing diagram. Note that the DC 
component of current Ihp2 may require that switching 
transistors 4 0 and 42 and inductor 3 8 be larger than those 
used in FIG. 3a. Here, control signal 32 can still be a 

10 multiple of fl, but its duty cycle needs to 
be controlled based on the DC current in inductor 38, so 
as to prevent inductor saturation by limiting the amount of 
current in the inductor. 

The embodiment of FIG. 3c might alternatively be 

15 configured and operated such that additional phase 3 0 
provides all of output current lout under very small load 
conditions. In this case, the additional phase is 
preferably designed to have a higher efficiency than the N 
main phases, with a larger inductor and MOSFETs. Control 

20 circuit 26 is arranged to deactivate the N phases when 
there is a small load on the output by, for example, 
asserting a disable signal 50 which inhibits the switching 
of the N switching circuits. This yields a more efficient 
converter at light loads, since the switching losses 

25 associated with the constant switching of the N main phases 
is avoided. 

The invention is useful with a number of converter 
control schemes. A pulse-width modulation (PWM) 
architecture is preferred, though not essential. For 
30 example, the invention is also useful with variable 
frequency architectures such as pulse -frequency modulation 
(PFM) . 

Though the present converter is shown with only one 
additional phase, more than one additional phase might also 
35 be employed. For example, a DC-DC converter might include 
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two or more additional phases 30 connected in parallel, 
with each driven by control signal 32 and the output of 
each summed into lout- Multiple additional phases connected 
in this way could provide more high-speed current than 
5 could a single additional phase, while enabling the 
switching components in each additional phase to remain 
small. 

It was noted above that, for a conventional DC-DC 
converter such as that shown in FIG. la, the converter 

10 responds faster to a load change increase (load step) than 
it does a load change decrease (load release): i.e., Vout 
exhibits a small undershoot during a load step, but a large 
overshoot of long duration during a load release. The 
embodiment of the present invention shown in FIG. 4a 

15 overcomes this problem. As before, the converter has N main 
phases, each of which includes a switching circuit (2 0,22) 
and an output inductor (LI, . . . ,Ln) , and which produce 
respective phase currents Ipi,...,Ipii that are summed at an 
output node 24. Each switching circuit is driven with a 

20 respective pulse-width modulated (PWM) control signal 
PWMl , . . . , PMNn provided by a control circuit 60. In this 
embodiment, control circuit 60 also provides a clock signal 
Fclk which pulses once at the start of each of the N 
control signals' switching periods. A logic gate 62 

25 combines all of the N control signals into a single control 
signal Fpwm, which toggles when any of the N control 
signals toggles. 

The embodiment also includes at least one additional 
phase 64 which improves the response of the converter to a 

30 load release. Additional phase 64 includes a ^'reset- 
dominate" flip-flop 66, the Q output of which is held low 
whenever its reset input (Ra) is high - regardless of the 
state of its set input (S) . The Q output of flip-flop 66 
controls a switching circuit 68; preferably a transistor 

35 MPadd- Switching circuit 68 is connected to an output 
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inductor Ladd at a node 70; when closed, switching circuit 
68 connects inductor Ladd between output node 24 and ground 
and conducts a current Ihp. Additional phase 64 also 
preferably includes a recovery circuit 72 connected between 
node 70 and a supply voltage such as VCC. 

The operation of the converter shown in FIG. 4a under 
steady-state conditions is shown in FIG. 4b; the duty cycle 
D(=Vout/VCC) is such that ND < 1. As before, the phases are 
synchronously switched such that the voltages Vpi,...,Vpn on 
the switch sides of the N output inductors are staggered 
throughout the period T of the converter's switching cycle, 
with the duration of each voltage pulse given by DT. This 
results in respective phase currents Ipi, . . . , Ipn (not shown) , 
which are summed together at node 24 to provide output 
current lout and output voltage Vout to load 29. The output 
Fpwm of logic gate 62 combines each of individual control 
signals PWMl , . . . , PWMn, with the pulse width of each 
constituent pulse equal to that of its source pulse. 

Clock signal Folk and signal Fpwm are generated 
synchronously such that, under steady- state conditions, 
Fpwm will always be high when Folk goes high. Under these 
conditions, reset -dominate flip-flop 66 is kept 
continuously reset. This keeps the flip-flop's Q output 
(voltage Fhp) low and switch 68 off. As a result, no current 
Ihp is conducted by additional phase 64, and the voltage Vhp 
at node 70 simply tracks Vout- 

The operation of the converter shown in FIG. 4a with a 
changing load is shown in FIG. 4c. The converter responds 
as described above in relation to FIG. Ic: prior to the 
load step, output current lout ramps up at a slew rate Son 
given by: 

Son=(l-ND) (VCC/L) amps/second, 

where VCC is the converter's input voltage and L is the 
inductance of the output inductors . Upon the occurrence of 
a load step, when the demand for load current (Iioad) 
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increases, the duty cycles of one or more phases are 
increased to provide more DC output current . This can 
result in more than one phase being on at a time, such that 
the "turn-on" output current slew rate Snt is greater than 
5 Son and is given by: 

Snt= (M-ND) (VCC/L) amps/second, where M is the number of 
phases that are on. 

This is seen on the plot of lout/ which reflects the 
transition from Son to Snt as lout increases. Also shown on 
10 the lout plot is current in the output capacitor, Cout, 
shown as Ir, which varies with the difference between lout 
and I load • 

While Iioad is high, control signals PWMl , . . . , PWMn are 
generated during each switching period. As such, Fpwm is 

15 high for each occurrence of Fclk, such that Fpwm keeps 
flip-flop 66 reset- This keeps Fhp low and switching circuit 
68 open, so that Vhp simply tracks Vout . 

Additional phase 64 becomes active upon the occurrence 
of a load release. In response to a load release, the N PWM 

20 control signals PMNl , . . . , PWMn all turn off, causing Fpwm to 
be low for one or more switching periods. Now, when Fclk 
pulses with Fpwm low, flip-flop 66 is set, voltage Fhp goes 
high, and switching circuit 68 is closed and conducts the 
additional phase's output current Ihp/ which increases at a 

25 slew rate Shp. After a load release, there is a period of 
time during which the N phases continue to provide their 
respective phase currents to output node 24, causing Vout to 
overshoot. Current Ihp acts to extract current from output 
node 24 during this period of time, thereby reducing lout 

30 and the magnitude and duration of the Vout overshoot. With 
additional phase 64 active, the turn-off slew rate is 
improved. During this period, the turn-off slew rate Sft is 
given by: 

Sft = Soff - Shp = -[(N/L) + (l/Ladd) ] *D*VCC. 
35 Once output voltage Vout is brought back within 
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regulation, control circuit 60 begins generating PWM 
control signals again, causing the Fpwm signal to pulse and 
reset flip-flop 66, which opens switching circuit 68. The 
large current flowing in inductor Ladd goes from flowing in 
5 switching circuit 68 to flowing in RC recovery circuit 72. 
This causes a large spike to occur in the Vhp voltage at 
node 70, which works to turn the current off in inductor 
Ladd- As the inductor current is ''reset" by Vhp, voltage Vhp 
will fall at a rate determined by the RC network. The 

10 values for the RC network need to be selected to provide 
the proper reset characteristics, such that the additional 
phase and the main phases work together to provide a 
desired output response. 

The embodiment shown in FIG. 4a is best suited for 

15 multiphase buck converters for which ND < 1. However, those 
skilled in the art will appreciate that the invention is 
not limited to this topology, and that alternative 
configurations can be implemented to improve the response 
of other converter topologies. 

20 Note that, although only two main phases are shown in 

FIGs. 2, 3a and 4a, the invention can be* extended to any 
number of phases . 

While particular embodiments of the invention have 
been shown and described, numerous variations and alternate 

25 embodiments will occur to those skilled in the art. 
Accordingly, it is intended that the invention be limited 
only in terms of the appended claims. 



